This comparative study focused on the different methods used for the treatment of model waste water polluted with the chlorinated acid dye Mordant Blue 9. Low-cost and commercially available ionic liquids -benzalkonium chloride and Aliquat 336 -were applied as liquid ion-exchangers to precipitate the Mordant Blue 9 by way of ion pair formation between the bulky ammonium cations of ionic liquids and anions of the above dye. The decolorisation efficiency of the ionic liquid application and the effect on reduction of the absorbance, adsorbable organic halogens, chemical oxygen demand and biological oxygen demand were compared with the conventional coagulation, sorption and Fenton oxidation techniques.
Introduction
The high water solubility of textile dyes, which is essential for the simple dyeing of textiles, causes the particular environmental problem associated with the production and use of dyes (Gordon & Gregory, 1983) . Waste water effluents from the production and application of these dyes are highly contaminated with residues of dissolved dyes, resulting in their dark colour, high chemical oxygen demand (COD) and low biodegradation.
The chlorinated azo dye Mordant Blue 9 (IV, Fig. 1 ), based on a chlorophenol sulphonic acid (I ) building block, is a widely used colorant with a worldwide annual production of hundreds of tonnes. Mordant Blue 9 is used for dyeing wool, silk or nylon (World Dye Variety, 2015) . Halogenated aromatic compounds such as halogenophenols are known as resistant to the biological treatment and their removal from waste water often improves biodegradability (Weidlich et al., , 2015 . The limited biodegradation of impurities dissolved in waste water is characterised by the ratio of biological oxygen demand (BOD) versus COD. The production and application of halogenated textile dyes such as Mordant Blue 9 is also associated with increasing the parameter of adsorbable organic halogens (AOX).
The production of IV is based on the diazotisation of 3-amino-5-chloro-2-hydroxybenzene-sulphonic acid (I ) dissolved in aqueous solution using in-situ prepared nitrous acid at 0-5
• C. The diazonium salt (II ) thus produced is coupled with 5-hydroxynaphtalene-1-sulphonic acid (III ) in the next reaction step (Meindersma et al., 2007) , see Supplementary data. The product IV is water soluble (solubility 50 g L −1 at 80
• C) and it is conventionally isolated from the aque- ous reaction mixture using the salting-out process (addition of excess of NaCl).
Waste waters contaminated with azo dyes can be treated by three common methods. The first method is based on the physical treatment, usually by the adsorption of dissolved dyes on the appropriate sorbent, e.g. charcoal (Borodkin, 1987) or carbonaceous nanomaterials (Natarajan et al., 2014) .
The second method is based on the chemical destruction of dissolved dyes, commonly via the oxidation reaction, for example by Fenton oxidation (Koprivanac et al., 2005) or photo-oxidation (Tayade et al., 2009) .
The third method uses biodegradation techniques (Pakshirajan & Singh, 2010; Álvarez et al., 2013) .
Less common methods include membrane separation (Mikulášek et al., 2010) , ion-exchange (Wawrzkiewicz, 2012) or the precipitation of ion pairs caused by the addition of suitable cationic tenzides to the contaminated water (Weidlich & Martínková, 2012 .
Theoretical
Application of ionic liquids/to precipitation of acid dyes from waste water Acid dyes molecules are usually substituted by a sulpho-or carboxy group rendering them soluble in water. Researchers from the University of Pardubice claimed a new highly efficient method for the simple removal of acid dyes from an aqueous solution (Weidlich & Martínková, 2013 ). This method is based on the addition of a quaternary ammonium salt with a bulky lipophilic cation and a small inorganic anion (ionic liquid) (Seddon, 1997; Freemantle, 1998) to the aqueous dye solution, which is accompanied by the ion exchange and subsequent formation of ion pairs. The smooth removal of the waxy precipitate of the ion pair is based on the addition of an inorganic flocculant (Al 3+ or Fe 3+ salt) and the subsequent sorption of the ion pair onto the produced flakes of an appropriate metal hydroxide. The flocculated material is removed by sedimentation and/or filtration (Weidlich & Martínková, 2013) .
The formation of ion pairs is described by the following equations:
dye-Na
The removal efficiency is highly dependent on the mass of the quaternary ammonium or phosphonium cation used for ion pair formation (Chun et al., 2001) . Using the same anion, the solubility of quaternary ammonium salts in water can be reduced by enhancing the alkyl chain length in the tetraalkylammonium cation (Zhu et al., 2015) . It should be noted that the cost and toxicity of ammonium-based ionic liquids are lower than those of imidazolium, phosphonium or pyridinium-based ionic liquids (Sun et al., 2011) .
Experimental
Mordant Blue 9 dye (dye content: 50 mass %), alkyldimethylbenzylammonium chloride (benzalkonium chloride), benzyltriethylammonium chloride, 1-butyl-1-methylpyrrolidinium chloride and Aliquat 336 (trioctylmethylammonium chloride) were purchased from Sigma-Aldrich (USA). Sulphuric acid (96 mass %), sodium hydroxide (p.a.) and hydrogen peroxide (30 mass %) were supplied by Lach-Ner (Czech Republic). Ferrous sulphate heptahydrate and aqueous 40 mass % ferric sulphate were supplied by Lachema (Czech Republic). Charcoal-Hydraffin PR was supplied by Donau Carbon (Germany).
The 1 mM stock solution of IV (model waste water) was prepared by dissolving 1 g of commercial IV in 1 L of water. The 0.4 mM aqueous solution of Mordant Blue 9 (100 mL of 1 mM stock solution diluted to 250 mL) attained the ratio of BOD/COD = 0.32; this means that the dye IV is fairly biodegradable (Weidlich et al., 2015) , COD = 110 mg L −1 , BOD = 35.23 110 mg L −1 . Removal of IV from model waste water: 100 mL of 1 mM stock solution of IV was poured into the beaker, the solution was diluted with 50 mL of deionised water, the reagents were added and vigorously magnetically stirred using a magnetic stirrer Heidolph MR 3020 in each decolorisation experiment lasting for 60 min. Following the action of the reagents or sorbents for 60 min, the pH of the aqueous mixture was adjusted to the desired value by adding either 8 mass % a) 1 mM solution of IV and 10 mM solution of V were used; total volume of aqueous mixture was made up with water to 200 mL in each experiment.
H 2 SO 4 or 2 M NaOH aqueous solution and measured using a pH meter (Gryf 208L). The total volume of the aqueous mixture was made up to 200 mL or 250 mL (see footnotes in tables) and filtered. The efficiency of the dye removal was monitored by measuring the VIS spectra (absorbance at absorption maximum, A max ) and the AOX parameters in the filtrate and compared with the same parameters measured in aqueous 0.5 mM or 0.4 mM solutions of IV as the model waste water. The absorbance of the filtrates and model waste water (0.5 mM and 0.4 mM solution of IV) was measured using a Helios Beta spectrophotometer with a quartz cell of 1 cm optical length at ambient temperature and the experimental error was found to be less than 3 %. Analyses of the chemical oxygen demand (COD) were carried out in accordance with the standard ČSN ISO 6060 (Czech Standards Institute, 1989 ) and the experimental error was less than 10 %. Analysis of biological oxygen demand (BOD) was measured in accordance with European Standard BS EN 1899-1:1998, BS 6068-2.63:1998 (Water quality. Determination of biochemical oxygen demand after n days (BODn) (British Standards Institution, 1998) . Measurement of the parameter of adsordable organic halides (AOX) was carried out using a LTX -UNIQUE device (Labtech, Czech Republic) and the experimental error was less than 10 %.
Results and discussion
Low-cost, commercially available benzalkonium chloride (V ), extensively used in industry, with a bulky quaternary ammonium cation was tested for the removal of IV from the model waste water.
For the purposes of indicative experiments of the model waste water treatment by the precipitation of IV using quaternary ammonium salts, the aqueous solutions of V, benzyltriethylammonium chloride and 1-butyl-1-methylpyrrolidinium chloride were tested. However, the effectiveness of the removal of IV from model waste water using benzyltriethylammonium chloride and 1-butyl-1-methylpyrrolidinium chloride was low (Table 1) . On the other hand, the addition of V to the model waste water was accompanied by decolorisation of the aqueous phase and precipitation of the ion pair. The ion pair (VI ) produced by the ion-exchange of the Mordant Blue 9 (IV ) anion and V cation has a much higher molecular mass than the starting compounds and it is insoluble in water (Fig. 1) .
Benzalkonium chloride dosage effect on precipitation process
The effect of the benzalkonium chloride (BAC) amount on the precipitation of MB9 dye was investigated at the molar ratios of BAC : dye-SO 3 H of 2 : 1, 1 : 1, 1 : 1.5 and 1 : 2 and the results are presented in Table 2 .
The decolorisation efficiency attained its maximum at molar ratio IV : V = 1 : 0.5 which is in agreeement with the proposed structure of ion pair VI. Hence, molar ratio IV : V = 1 : 0.5 was chosen as the optimum for the removal of the tested dye IV from the model wastewater solution in the subsequent experiments.
Effect of pH on decolorisation efficiency
The pH dependence of dye removal is related to a combined result of charges on the dye and ionic liquid molecules. Acid dyes are known to ionise to a high degree in an aqueous solution to form coloured anions due to the sulphonate groups present in their structure (Aksu et al., 2009 ). Mordant Blue 9 has two sulphonate groups present in its structure (Fig. 1) . The starting 2 mM aqueous dye solution achieved a pH value of 9.6 and the absorbance of this 10-times diluted dye solution (200 M) at λ max = 516 nm was A = 0.269. The greatest decolorisation efficiencies were obtained within the wide pH range of 2-6.5. In these cases, a rapid formation of red precipitate was observed. Table 3 shows that the decolorisation decreased at low or high pH values. The sulphonate groups bound in the dye structure would be protonated at low pH values while the part of the dyegroups is probably not closely associated with bulky benzalkonium cations at high pH values, which causes the partial solubility of IV dye in strongly alkaline aqueous solutions even in the presence of V.
However, removal of this tarry-like precipitate from the aqueous phase was the major problem in all the cases when precipitation occurred. Both the sedimentation and filtration processes were quite timedemanding. To solve this problem, coagulation was tested as a simple and low-cost process to facilitate separation of the ion pair from the treated water.
Effect of ionic liquids with ferric sulphate mixtures
The invention described in the patent from Weidlich and Martínková (2013) was used for the coagulation and 40 mass % aqueous ferric sulphate as coagulation agent was added to the model waste water after the addition of V to test the facile removal of the tar-like ion pair VI from the treated aqueous solution. The molar ratio V : Fe 2 (SO 4 ) 3 = 1 : 5 was used successfully. After 60 minutes of stirring, the pH was adjusted to pH ≈ 4.5-5.5. The induced coagulation of Fe(OH) 3 enabled facile removal of the ion pair by 5 minutes' sedimentation and the subsequent rapid filtration. In the filtrate thus obtained, the absorbance at A max and the parameters AOX, BOD and COD were measured and compared with the model waste water (Table 4) .
As can be seen, both the colour and AOX were significantly diminished (decolorisation efficiency above 76 % and AOX removal above 84 %) by a simple 1 hour model waste water treatment applying a mixture of ionic liquid and Fe 2 (SO 4 ) 3 , followed by flocculation and filtration of the resulting suspension. However, approximately 20 % of IV remained and dissolved in the filtrate increasing the value of COD and having a negative effect on the ratio of BOD to COD (BOD : COD ≈ 0.16). The organic compounds in the filtrate are lightly biodegradable.
For comparison, the action of hydrophobic Aliquat 336 (see Supplementary data) instead of hydrophilic V was tested together with the ferric sulphate solution to compare their effect on the AOX, BOD and COD parameters prior to and after the treatment of model waste water. Aliquat 336 is practically insoluble in water (aqueous solubility less than 0.05 g L −1 ) (Sun et al., 2011) . Table 5 shows the results. All the parameters observed were markedly diminished and the content of the organic compounds characterised by pa- and the results are presented in Table 6 .
The decolorisation efficiency and effect on lowering 
the AOX value is illustrated in Fig. 2 .
Adsorption of IV on charcoal
The effect of the amount of powdered charcoal on the decolorisation efficiency and AOX removal was verified in the range of 0.6-4 g L −1 , as shown in Table 7.
As could be seen in Table 6 , the sorption remained almost constant up to 2 g L −1 of sorbent. In this case, the AOX value in the filtrate declined more than thousand times on the AOX value measured in the 0.4 mM aqueous IV solution used as the model waste water. 
Fenton oxidation of IV
In the Fenton oxidation of IV, the effect of FeSO 4 and H 2 O 2 doses was tested in the molar ratios from 1 : 50 to 1 : 100 and the results are presented in Table 8. The optimal dose of the Fenton reagent was confirmed in the ratio IV : FeSO 4 : H 2 O 2 = 1 : 0.8 : 40 according to the measured decolorisation efficiency and AOX removal.
Conclusions
Four different techniques were investigated for the simple treatment of model waste water contaminated with halogenated acid dye IV (Fig. 3) . It was shown that the addition of both the tested ionic liquids benzalkonium chloride (270 mg L −1 ) or Aliquat 336 (320 mg L −1 ), together with ferric sulphate, made possible the simple and effective removal of the studied dye, even at doses the equivalent of 1 mol of ionic liquid per mol of the sulphonate group bound in the dye structure. The application of ferric sulphate alone had practically no observable effect on the removal of IV, serving only as an auxiliary agent for the simple removal of the ion pair produced by the interaction of IV with ionic liquid. Adsorption or Fenton oxidation were also tested as effective methods for the removal of IV. However, the quantities of the agents required for the effective treatment are higher. In the case of adsorption, at least 2 g L −1 of charcoal enabled the efficient removal of IV. For the effective oxidative removal of IV via Fenton oxidation, at least 1 g of 35 mass % H 2 O 2 and 0.1 g of FeSO 4 · 7H 2 O per litre must be used.
